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FOREWORD 

The work described i n  t h i s  report was conducted under NASA 
c o n t r a c t  NAS3-10941 by t h e  Westinghouse Electric Corporation, 
Aerospace E l e c t r i c a l  Divis ion for t h e  NASA Lewis Research Cen te r .  
The Technical Project Manager was Mr. R. A. Lindberg of t h e  L e w i s  
Research Center ,  Space Power Systems Divisi.on. 

The program was adminis tered f o r  t h e  Westinghouse Electric 
Corporation by Mr. J. W. Toth, Program Manager. Mr. W. L. G r a n t  
was t h e  P r i n c i p a l  I n v e s t i g a t o r  for the design, f a b r i c a t i o n  and 
t e s t i n g  of a p y r o l y t i c  boron n i t r i d e  i n s u l a t e d  statorette. Mr. 
A. J,  Krause directed t h e  exposure of p y r o l y t i c  boron n i t r i d e  t o  
potassium. 



SUMMARY 

A high-temperature statorette, consisting of an iron-27 per- 
cent coba!t magnetic lamination stack and nickel-clad silver con- 
ductors, was tested with pyrolytic boron nitride slot insulation 
having different clearances or compression loadings as a function 
of temperature. Temperatures were measured in each test to deker- 
mine characteristics of slot linear heat conductance from conduc- 
tors to the ata'xett -. Testing wa carried out to L2rnpe -3tures 
of approximate11 1503O F in c vacimt environment of 10-8 torr. 
Three assemblies w e r e  built and tested, each having a dixferent. 
room temperature slot clearance. The final statorette assembly 
was subjected to a 100-hour vacuum aging test at 1400O F followed 
by 25 thermal cycles. 

Temperature data from the three assemblies showed that de- 
creasing slot  clearance and increasing compression loadincr did en- 
hance heat transfer- The temper - - ' re  differ 1 ' 6  between I d - s l o t  
and l a m . i v C , i o r .  tu I 6: 1400O F reased 4 '  F during the thermal  
aging a m  an additional l o o  F during the 25 thermal cycles. 
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S E C T I O N  I 

INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  the resul ts  of a thermal eva lua t ion  
program using p y r o l y t i c a l l y  deposi ted boron n i t r i d e  a s  r i g i d  
s l o t  i n s u l a t i o n  i n  a tes t  statorette. Test ing was accomplished 
a t  e l eva ted  temperatures (1350O t o  1450' F) i n  a vacuum environ- 
ment t o  determine i f  heat conductance from the e lectr ical  con- 
duc to r s  t o  t h e  magnetic lamination stack could be improved a t  t h e  
conductor- insulat ion and i n s u l a t i o n - s l o t  i n t e r f a c e s .  

Enhanced t r a n s f e r  of heat from electrical conductors t o  mag- 
n e t i c  material i n  electrical  devices affects a lower conductor 
temperature for given conductor s i z e  and c u r r e n t .  The effect  of 
lower conductor temperature is  t o  lower electrical r e s i s t a n c e  and 
l o s s e s  which results i n  t he  l e s sen ing  of power-input and o v e r a l l  
cool ing requirements.  Enhanced t r a n s f e r  of heat from electrical  
conductors through electrical i f i su la t ion  t o  magnetic m a t e r i a l  may 
be accomplished by using h igher  thermal  conduct iv i ty  e l e c t r i c a l  
i n s u l a t i o n  and by inc reas ing  the h e a t  t r a n s f e r  ( thereby ,  lower- 
ing necessary temperature d i f f e r e n c e s )  across the i n t e r f a c e s .  
Heat t r a n s f e r  a t  i n t e r f a c e s  can be improved by inc reas ing  con- 
t a c t  area. Metal oxide ceramics i n  t h e  form of s l o t  l i n e r s  have 
been used t o  e l e c t r i c a l l y  i n s u l a t e  electrical conductors from 
magnetic materials. P y r o l y t i c  boron n i t r i d e  (an a n i s o t r o p i c  
material) ,  when compared with metal  oxide ceramics, has higher  
electrical breakdown s t r e n g t h ,  higher  thermal conduct iv i ty  i n  the 
plane of depos i t i on  ("arr d i r e c t i o n s ) ,  and h igher  c o e f f i c i e n t  of 
thermal expansion i n  the 'IC" a i r e c t i o n  thus  making possible a 
t i g h t  f i t  (with greater con tac t  area) a t  elevated temperatures. 
It is  r e l a t i v e l y  easy t o  fabricate also. 

P y r a l y t i c  boron n i t r i d e  (PBN) s l o t  i n s u l a t i o n  s t r i p s  were 
o r i e n t e d  i n  t h e  s lots  t o  take advantage of t h e  high thermal ex- 
pansion rate i n  one axis and the high thermal conduct iv i ty  i n  a 
second axis. Calcula t ions  were made to  determine three d i f f e r e n t  
s l o t  clearance and/or compression cond i t ions  i n  t he  1350O to 
1450O F test  range. The associated room temperature s lo t  clearance 
for each c a l c u l a t i o n  was also detennined. Three s t a t o r e t t e  assem- 
blies were cons t ruc ted  and tested i n  sequence, based on the room 
temperature s l o t  c learance  r equ i r ed  t o  meet each c a l c u l a t e d  con- 
d i t i o n .  
as requi red  at assembly by s e l e c t i v e l y  matching p r e c i s e l y  meas- 
ured conductor,  slot, and i n s u l a t i o n  strip dimensions. 

Room temperature s lo t  interface c learances  were ad jus ted 

Each assembly was then ind iv idua l ly  t e s t e d  i n  a thermal 
vacuum chamber over a temperature range at pres su res  on t h e  10-8 
torr scale. A temperature g r a d i e n t  was maintained from the stator- 



e t t e  conductors to  t h e  laminat ions by supplying UP to 1 4 0  nmoeres 
per  winding to develop J o u l e  (I2R) heat ing.  

Data from t e s t i n g  t h e  t h r e e  assemblies showed t h a t  i n c r e a s i n a  
t h e  s l o t  i n s u l a t i o n  con tac t  area at t h e  s l o t  and conductor i n t e r -  
faces, by reducing c l ea rance  a t  the opera t ing  temperature d i d  i m -  
prove heat t r a n s f e r  by i nc reased  conductance. The i n d i v i d u a l  test 
r e s u l t s  are covered i n  the body of t h e  r e p o r t .  However, it w a s  
also noted t h a t  t h e  f irst  i n c r e a s i n g  temperature cyc le  had a n  ad- 
verse e f f F y t  on a t  t r , :ns fer  a t  tempe+atures I C  - che oyierai q 
temperptuxe during s ibsequent  thi -ma, .:ycles . 

Tne t h i r d  assembly w a s  sub jec t ed  t o  100-hours of thermal 
aging a t  a hot-spot tempErature imid-slot) or' 1 4 0 0 "  I?. T h i s  was 
followed by 25 thermal cyc le s ,  four being  from 3.400' F t o  e s s e n -  
t i a l l y  room temperature  i n t e r s p e r s e d  among 2 1  o t h e r s  having a 490" F 
minimum t r a n s i e n t  excurs ion  from 1400O F. The temeYatu ; r  d i f f e r -  
ence between mid-slot and 1ami.nation to9iF + i  40 " L- i n  .:- ;-.ased 

' F dur inq  t h e  25 
thermal cyc les .  
4 O  F during thermal aging and an 2'. ;tj.; - 7  1 
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SECTION I1 

EVALUATION, CONSTRUCTION AND ENDURANCE T E S T I N G  
OF A STATORETTE USING PYROLYTIC B O R O N  N I T R I D E  

SLOT INSULATION 

DISCUSSION 

Background 

The objective of this proqram was to design and test an elec- 
trical conductor, insulation, lamination slot and too+-h configura- 
tion which would result in improved heat transfer from t h e  con- 
ductor  to the magnetic laminations at elevated temperatures 
(1350O to 1450O F). One method of incraasins heat transfer in a 
vacuum environment i s  to increase conductance by increasing the 
amount of surface contact area among the various components in- 
volved. Zero clearance or preferably a state of compression among 
the slot components at operating temperature will result in an i n -  
crease in surface contact area across the several conductor, in- 
sulation and lamination tooth interfaces. 

Pyrolytically deposited boron nitride' is a material which 
has excellent electrical insulatiori properties at elevated tem- 
peratures and anisotropic physical and thermal properties (ref. 
1). For example, in the direction parallel to the plane of 
material deposition, designated the "a" direction, the coefflcierlt 
of thermal expansion is very low (0.008 in/in total from 7 2 O  to 
1400' F) and the coefficient of thermal conductivity is quite 

high, 38 - ft . In the direction perpendicular to the 
f t 2  - hr - O F  

plane of material deposition, designated the "c" direction, the 
coefficient of thermal expansion is relatively high (19.9 x 10-6 
in/in - "I?) and the coefficimt of thermal conductivity is low 

1.0 to 2.0 Btu - ft . Utilization of these high thermal 
ft2 - hr - OF 

conductance and expansion properties in a stator slot design was 
evaluated for improved capability in transmitting the heat gener- 
ated by current flow in stator windings into the lamination stack. 

'Product of Union Carbide Corporation, 120 South Riverside 
Plaza ,  Chicago, I l l i n o i s  60606. 
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Figure 1, - Statorette Lamination, M a d e  From 27 Percent  
Cobalt-Iron Alloy, Shaving Slot Propor t ions  

and Thermocouple b a t i o n s  

Surface contac t  area a t  an i n t e r f a c e  between two components 
is dependent upon the relative s t r a i g h t n e s s  ( f l a t n e s s )  and surface 
f i n i s h  of the two component faces. Therefore, for this program, 
it was necessary t o  ob ta in  conductors,  i n s u l a t i o n  strips, and 
lamination slot  sides w i t h  both m i n i m u m  dev ia t ions  from a f l a t  
plane and t h e  f i n e s t  su r f ace  f i n i s h e s  that could be achieved, 

Statorette Design, Manufacture and Construction.-  Figure 1 
is a ske tch  of t h e  lamination design. A fou r - s lo t  conf igu ra t ion  
was chosen so t h a t  t h e  two c e n t e r  slots would be isolated ther -  
mally in the same manner as any two adjacent slots i n  a complete 
stator lamination. Locations of thermocouple holes are also i nd i -  
cated on the sketch.  The laminat ion material was a 27 p e r c e n t  co- 
balt-iron a l l o y 2  0.010-inch t h i c k ,  
width,  and depth belaw slot  were made propor t iona l  to slot  designs 
proposed for advanced space electric power genera tors .  Dimension- 
less parameters for the various lamination slot width and depth, 

Slot width and depth,  tooth 

e 

2Hiperco 27 Alloy manufmtured 3y Westinghouse Electric 
Corporaticn, B l a i r s v i l L ,  Pttrrllsylvania. 
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t oo th  width, depth below slot, and conductor dimensions wcre as 
follows : 

S l o t  wid th  
Slot  depth 

Slot width 
T o o t h  width 

= C.183 

= 1,043 

Slot width  
Conductor w i d a  = 1 , 6 2 0  

Slot depth 
Depth below s l o t  = 0,548 

Total conductor height 
Slot depth = 0.703 

The laminat ion tooth p r o f i l e  was formed by removing lamina- 
t i o n  stock to  form t h e  slots. The too th  column through t h e  lamina- 
t i o n  stack can have smooth sides only  when each of the i nd iv idua l  
teeth making up t h a t  column has the same width. Since tooth sides 
are the same su r faces  as s lo t  sides, t h e  next ad jacen t  tooth col- 
umn can have a s t r a i g h t  side only when each of the i nd iv idua l  l am-  
i n a t i o n  vacancies which m a k e  up the stack slot between the two 
keeth has t h e  same width (and depth, to c o n t r o l  s lot  b o t t o m  
stagger) , 

The f l a t n e s s  (or curvature, or roughness) of each ind iv idua l  
lamination tooth side is dependent upon the method used t o  pro- 
duce the slots ,  Severa l  manufacturing methods were considered. 
Three of these methods w e r e  used to prepare sample s lo ts  for metal- 
lographic s tudy ,  Punched slots were unacceptable for t h i s  appl ica-  
t i o n  because of burrs, H a w e v e r ,  a punched slot  was used as a base 
l i n e  for the metallographic i n v e s t i g a t i o n ,  The methods considered 
for slot  forming were as follows: 

1) Punching 
2)  Machining slots i n  the assembled stack 
3) Photo e tch ing  
4 1 Electrical discharge machining 
5 )  Chemical m i l l i n g  
6 )  Grinding s lots  i n  the assembled s t ack  

The punching and machining methods were e l imina ted  because 
of the unavoidable formation of burrs on the teeth which was 
de t r imen ta l  t o  too th  s i d e  f l a t n e s s ,  

Grinding w a s  e l imina ted  because the sides of t h e  wheel which 
formed the slot caused metal smearing and excessive su r face  rough- 
ness ,  Photo e t ch ing  and chemical mil l ing  were e l imina ted  for t w o  
reasons. The lack of precision i n  masking the laminat ions r e s u l t -  

5 



ed i n  tooth and s l o t  wid th  to l e rance  bui ldup t h a t  w a s  too large 
for t h i s  application, r e s u l t i n g  i n  increased  s l o t  and tooth 
stagger. I n  add i t ion ,  t h e  na tu re  of t h e  metal removal process 
caused t h e  tooth sides t o  be rounded rather  than f l a t ,  t h e r e b y  
reducinq contact area. The electrical  discharqe machining pro- 
cess, which w a s  one of those examined meta l lographica l ly ,  com- 
bined good tooth and s l o t  w i d t h  dimensional c o n t r o l  w i t h  t h e  
f l a t t e s t  too th  side that could be a t t a i n e d .  C x ~ s e q u e n t l y ,  t h i s  
method w a s  selected as t h e  one t o  use  i n  manufacturing t h e  stator- 
e t t e  laminat ion s lo t s .  

Lamination blanks w e r e  sheared t o  approximate s i te  f r o m  27 
percent  cobal t - i ron  a l l o y  0.010-inch-thick s t o c k .  The blanks were 
then  clamped i n  a stack and t h e  four  s i d e s  w e r e  surface-ground t o  
remove t h e  d i s t o r t i o n s  caused bv L?e shcar ing  ;pera t ion .  A f t e r  i n -  
spectior,  for gr inding  bu r r s ,  t h e  blanks w e r e  U I ~  r a so r - i ca l ly  clean- 
ed and a c o a t i n s  of plasma-arc sprayed alumina (99.995 percent 
A12G3) in te r laminar  i n s u l a t i o n  was applied t o  one s i d e  of each 
blank. The next  opera t ion  was electrical d ischarge  machining 
of t h e  s lo t s  and thermocouple holes. Fiqure 2 is a back-lighted 
photograph of a .;ingle statorette l a m i n a t i m  showing s lo t s  and 
thermocouples holes. Precise dimensic.is for t he  s lots  and teeth 
w e r e  determined by using a 1 O : l  scaAL te p la t e  01 a shadoTvraDh 
comparator. 

13 order t o  maintain the best s l o t  aliqnment possib3.e as  t h e  
laminat ions w e r e  asse&led i n t o  a s t ack ,  a s l o t  a l ignmer '  bar w a s  
used for each SI-ot. The lamination$ R e r e  f i t t e d  on t h e  bars one 
a t  a t i m e  w t i l  the requ i r ed  stack length  w a s  a t ta ined .  End p l a t e s  
made of 0,125-inch-thick 17-7 P H  s t a i n l e s s  steel were pos i t ioned  
a t  each end of t h e  stack to s t i f f e n  the end laminat ions.  The en- 
t i re  assembly was then  clanped in 3 f i x t u r e  and electron-bear 
welded i n t o  a permanent assembly, Fiqure 3 is a photograph of t h e  
laminal ion stack and end p l a t e s  after e l e c t r o n  beam weld ing .  The 
s lo t  alignment bars are s t i l l  i n  pos i t i on .  Figure 4 shows two of 
the slots w i t h  t he  alignment bars removed. Some h d i c a t i o n  of t h e  
s lo t  side smoothness can be noted i n  the t w o  open s lots .  

Figure 5 is  a ske tch  of the assembled s ta tore t te  showing t h e  
l an ina t ion  s tack ,  p y r o l y t i c  boron n i t r i C e  i n s u l a t i o n  s t r i p s ,  and 
windirqs .  The t w o  windings csed i n  the statorette were made from 
rec tangular  n icke l -c lad  silver conductors (0.090 inch by 0.140 i n c n j .  
A rec tangular  c ross -sec t ion  w a s  used t o  o b t a i n  the maximum f l a t  
conductor area for contact w i t h  the i n s u l a t i o n  strips. Dual con- 
ductors  were used i n  each winding to o b t a i n  slot  conductor volumes 
comparable t o  those proposed for space power generators, and also 
t o  ob ta in  comparable c u r r e n t  d e n s i t i e s  i n  each s lo t .  The i n n e r  and 
o u t e r  coi ls  of each winding w e r e  formed s e p a r a t e l y  and i n s t a l l e d  
as a pair when the windings w e r e  assembled i n  t h e  laminat ion stack. 

Figure 6 is a cross-sectional view of the  statorette s lo t s  
showing the windings and pyrolytic boron n i t r i d e  s l o t  i n s u l a t i o n .  
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Pyrol! ic Boron N i t r i d e -  
Insulation S t r i p s  7 

+ 5.844" Pu 11 ed 
5.9 8 7" F la t 

s 

w 
N i c k e l  Clad 4 
s i lver Conductor' 2 

% 0.090" x 0.140m 

Electron B e a m  Welds 
Lamination Stack - O . O l O " 2 7  Co-Fe A l l o y  

Stack End P l a t e  - 17-7 PH S.S. 

Figure 5. - Assenbled Statorette Showing Lamination Stack, 
Pyrolytic Boron Nitride Slot Insulation, and 
Dual Winding Construction With Two Conductors 
in Parallel. 

The conductor cross-sections marked with an "x" form the main 
winding, and the cr.>ss-sections marked with an "0" form a second 
phase winding. This physical arrangemcnt, Iri.hen powered bv a two-  
phase power source, resulted in phase-to-phase and phase-to- 
ground voltage levels typical of a high temperature operating 
generator. It was also possible to  make electrical performance 
measurements from phase-to-phase and from each phase-to-Tround. 
The orientation of the pyrolytic boron nitride slot insulation is 
indicated on the drawing, 

A technique for forming conductor windings was developed us- 
ing solid nickel wire having 0.090 x 0,140-inch dimensions. The 
next step was to form test windings using the 0.090 x 0.140-inch 
rectangular nickel-clad silver conductor. Investigation of the 
flatness of the conductor sides indicated that a polishing opera- 
t i o n  would be required t o  inprove conductor flatness in the slot  
area. Mechanical polishing method8 were t r i e d  and were effective 
to some extent, but careful manual polishing produced the most 

10 



*8" d i r e c t i o n  AT 
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1 1  1 2  1 3  1 4  

0 

PYROLYTIC BORON NITRIDE SLOT INSULATION T H E W  PROPERTIES 
ma* d i r e c t i o n  - high c o n d u c t i v i t y  - l o w  expansion 
"cm d i r e c t i o n  - leu c o n d u c t i v i t y  - high expansion 

"c d i r e c t i o n  

'a" d i r e c t i o n  

Lamination Planes i n  
p y r o l y t i c a l l y  depos i ted  
boron n i t r i d e .  

Ficrure 6. - Cross-Sectional V i e w  of the Statorette 

Legend 

Three Turn Winding 

One Turn Winding 

Thermocouple Locations 

Slots - 
showing Pyrolytic Boron Ni t r ide  Slot  Insula-  
t i o n  and Rectangular Nickel-Clad Silver Con- 
duc t o r  s 

ripple-free surface. This procedure w a s  used to  p o l i s h  t h e  test  
conductors pr ior  t o  coil fcrmation. 

In  order t o  obta in  the best thermal conductance between t h e  
conductor and the  p y r o l y t i c  boron n i t r i d e  i n s u l a t i o n  s t r i p s ,  it 
was necessary that the conductor i n  the slot area remains b a e .  
However, it w a s  desirable to have some type of i n s u l a t i o n  on +he 
winding end turns .  The i n s u l a t i o n  used on the end t u r n s  was a 
plasma-arc sprayed coating of alumina applied over a t h i n  base 
coat of titanium hydride. The plasma-arc spraying was accomplished 
after coil forming with the s lot  area segments of t h e  conductor 
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masked off. 

It  was assumed t h a t  t h e  conductor lead ends would be e x  oseu 
t o  a 200' t o  300' F ambient temperature a t  a pressure of torr 
or lower during t e s t i n g  of the statorette i n  t h e  1350O t o  i 45Oo F 
range. Several methods of s e a l i n g  the s i lve r  conductor core from 
the high temperature vacuum environment were considered, includ- 
ing n i c k e l  p l a t i n g ,  brazing and welding. A c o n t r a c t o r  f e a s l b i l i t y  
study showed tha t  after removal of s i l v e r  core from t h e  conductor 
ends t o  a depth of 1/8 t o  1/4 inch,  pure n i c k e l  "A" plugs o r  dis- 
persion s t rengthened n i c k e l  plugs could be fus ion  welded to  t h e  
t h i n  conductor n i cke l  cladding. Jo in ing  was accomplished by T I G  
welding, e l e c t r o n  beam welding, or plasma needle-arc welding 
( e s s e n t i a l l y  a f i n e  p o i n t  TIG process). Metallographic cross- 
s e c t i o n s  of t y p k a l  t r i a l  weldments showed t h a t  sound j o i n t s  were 
obta ined  by each method. 
end c l o s u r e  was selected for the p y r o l y t i c  boron n i t r i d e  i n s u l a t e d  
s t a t o r e t t e .  N icke l  "A" end plugs were used, and plug p o s i t i o n  and 
n i c k e l  c ladding th ickness  i n  t he  j o i n t  area were verified by radio- 
graphy before welding. 

The plasma needle-arc method of conductor 

Figure 7 is  a photograph of one completed statorette test  
winding showing the coils and lead ends. The average th ickness  of 
the combined plasma-arc sprayed alumina and t i t an ium hydride coat-  
ings was 0.001-inch. Figure? 8 is  a close-up view of t h e  lead ends 
showing the  n i c k e l  plugs welded i n  place i n s i d e  the  n i c k e l  cladding. 

A f t e r  co i l  forming, b u t  p r i o r  t o  a p p l i c a t i o n  of the plasma- 
arc sprayed alumina end t u r n  i n s u l a t i o n ,  t h e  windings were annealed 
t o  reduce cold working stresses. Figure 9 is a photograph of the 
windings i n s t a l l e d  i n  the annealing block. The main three- turn  
windings and t h e  p a r t i a l  ha l f - tu rn  windings are noted i n  t h e  photo- 
graph. The anneal cyc le  was accomplished i n  a vacum of t o r r  
with the vacuum chamber temperature a t  1400' F for one hour. A f t e r  
annealing, t h e  dimensions across t h e  f l a t  sides of t h e  slot  area 
conductor segments were measured p r e c i s e l y  t o  o b t a i n  lapping di-  
mensions for t h e  p y r o l y t i c  boron n i t r i d e  i n s u l a t i o n  s t r i p s .  

Approximate dimensicma for the var ious  p y r o l y t i c  boron n i t r i d e  
s t r i p s  and wedges had been determined from t h e  i n i t i a l  statorette 
design. Material was ordered as plate  s tock  i n  s tandard th i cknesses  
and then  lapped to  the requi red  th ickness  before  being sliced i n t o  
strips. Figure 10 is a photograph of the var ious  s i z e s  of p y r o l y t i c  
boron n i t r i d e  i n s u l a t i o n  strips and slot  wedge w i t h  leaders ind i -  
c a t i n g  the a n i s o t r o p i c  proper ty  d i r e c t i o n s .  (Refer to  figure 6 for 
thermal o r i e n t a t i o n  of the p y r o l y t i c  boron n i t r i d e  i n s u l a t i o n  i n  
t h e  statorette slots.) The strips were sliced oversize i n  t he  "a" 
and "c" d i r e c t i o n s  using a cut-off  wheel. Final dimensions were 
obtained by lapping the strips to size after precise s lo t  and con- 
duc tor  dimensions had been determined. 
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F i g u r e  10. - Photograph cf t h e  V a r i o u s  S i z e s  of P y r o l y t i c  
Boron Nitride Slot I n s u l a t i o n  S t r i p s  and  t h e  
Slot  Wedge. Leaders Ind ica t e  the :'a'' and 'IC 

Anisotrapic Property D i r e c t i o n s .  A Repres:n- 
tative Piece of Pyrolytic Zaror? Nitride P l a t e  

Stock is also Shown, 
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Using conductor and slot  dimensions p rev ious ly  determined,  a 
series of c a l c u l a t i o n s  w e r e  performed to  de f ine  t h e  theoretiL.1 
room temperature clearance requi red  i n  each s l o t  t o  obta in  a zero 
c learance  condi t ion  i n  the 1350' %o 1450O F temperature range. The 
r e s u l t s  of these c a l u c l a t i o n s  w e r e  used t o  es tabl ish lapping di -  
mensions for the p y r o l y t i c  boron n i t r i d e  i n s u l a t i o n  str ips.  

The following thermal expansion c o e f f i c i e n t s  were used for  
t h e  c a l c u l a t i o n s :  

Nickel-clad s i lver  conductor 11.2 x 10-6 i n / i n  - OF (ref. 2)  
(72' - 1400' F) 

27 percent  cobal t - i ron  a l l o y  6.14 x i n / i n  - OF (rsf. 3 )  

P y r o l y t i c  boron n i t r i d e  
"c" d i r e c t i o n  19.9 x 10-6 i n / in  - OF ( ref .  1) 

( 7 2 O  - 1400' F) 

(72O - 1400' F) 

"a" d i r e c t i c n  0,0008 i n / i n  to ta l  (ref. 1) 
from 72O to  1400O F 

TEST RESULTS 

Statoret te  lssembly md Preliminary Evaluat ion T e s t s .  - 
Ref, .-ing t o  figure 6 ,  the overlapping of the  windings i n  the  t w o  
outc- s lots  n e c e s s i t a t e d  i - - t a l l i n g  both of the  windings simultane- 
ously a t  assembly. The Z L z s t  s tep w a s  to place the lower row "aE 
d i r e c t i o n  slot b o t t o m  and s-de plates of p y r o l y t i c  boron n i t r i d e  
i n  p o s i t i o n  i n  a l l  four slot;. The combined windings w e r e  then  
positioned i n  the slots. The lower row IC" d i r e c t i o n  side pyroly- 
t i c  boron n i t r i d e  plate ; n s t a l l a t i o n  w a s  next accomplished i n  each 
slot  by pushing t h e  plate i n t o  p o s i t i o n  from one end of the  s l o t .  
Considerable care was r equ i r ed  during t h i s  opera t ion  to  prevent 
shaving or cracking  the r e l a t i v e l y  soft p y r o l y t i c  boron n i t r i d e  
plate as it was moved through the stack. A dimensional t a b u l a t i o n  
of t h e  conductor "a" d i r e c t i o n  plate and slot width was maintain- 
ed for each slot. The "c" d i r e c t i o n  p y r o l y t i c  boron n i t r i d e  plate  
th ickness  was tneu ze?ec ted  t o  o b t a i n  the desired room temperature 
s lo t  clearance. I n  some cases, b n d  lapping of the "c" d i r e c t i o n  
p y r o l y t i c  boron n i t r i d e  p l a t e  was r e q u i r e 6  5 obtain the c o r r e c t  
thickness .  The "a" d i r e c t i o n  p y r o l y t i c  boron n i t r i d e  s t r i p s  sep- 
a r a t i n g  t h e  upper and lower winding rows were also i n s t a l l e d  by 
pushing the  p y r o l y t i c  boron n i t r i d e  plate i n t o  p o s i t i o n  from one 
end of t h e  slot. In the top row assembly sequence the "a" direc- 
t i o n  side p y r o l y t i c  boron n i t r i d e  plates were placed i n  the  slots, 
and, after the r equ i r ed  th icknesses  were determined, t h e  "c" di- 
r e c t i o n  side p y r o l y t i c  boron n i t r i d e  plates were pushed i n t o  posi- 
t i o n  from the 'top of the slots .  The "c" d i r e c t i o n  spacer p y r o l y t i c  
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boron n i t r i d e  strips were placed i n  psi t io i l  and the  final step 
was t o  slide the p y r o l y t i c  boron n i t r i d e  wedges i n t o  position from 
t h e  ends of the slots. Figure 11 is a photograph of t h e  statorette 
assembly p r i o r  t o  the  first eva lua t ion  test. 

Af t e r  assembly was completed, t h e  statorette w a s  mounted on 
a support  fixture, shown i n  f i g u r e  1 2 ,  for i n s t a l l a t i o n  i n  a 
thermal vacuum test chamber. The test chamber used w a s  a s p u t t e r -  
ion pumped thermal vacuum chamber capable of maintaining a press- 
ure of 5 x 10-9 t o r r  a t  2200O F when c l e a n ,  dry and empty. Or ien-  
t a t i o n  of the statorette i n  t h e  chamber was as shown i n  f i g u r e  12 
with t h e  slots i n  theyertical pos i t i on .  A f t e r  t h e  s ta toret te  and 
support  f i x t u r e  had been p s i t i o n e d  i n  t he  test chamber, thermo- 
couples were i n s t a l l e d  i n  the l o c a t i o n s  shown i n  f i g u r e  6. Thermo- 
couples (ref.4) w e r e  also i n s t a l l e d  on two winding end t u r n s .  A l l  
thermocouples except  those on t h e  end t u r n s  were pos i t i oned  so 
t h e  sens ing  junc t ions  were i n  a plane d i v i d i n g  the laminat ion 
s t ack  i n t o  two hal f - s tacks .  A f t e r  thermocouple i n s t a l l a t i o n  and 
i d e n t i f i c a t i o n  had been completed, t h e  winding leads were passed 
upward through t w o  test chamber h o r i z o n t a l  h e a t  shields and at- 
tached t o  feedthroughs pass ing  through the vacuum test chamber 
w a l l .  The environmental  test chamber w a s  then closed and placed 
under vacuum. 

A special thermocouple design w a s  used t o  e l i m i n a t e  thenno- 
couple junc t ions  i n s i d e  the vacuum chamber. The thermocouple w i r e  
system was the  P l a t i n e l - I 1  platinum-rhodium-gold combination avail- 
able ~ o m m e r c i a l l y . ~  The w i r e s  were encased i n  an Inconel-600 sheath 
w i t h  A120 (99%) i n s u l a t i o n  between the  w i r e s  and between each w i r e  

c l o s u r e  ana the cold end t e rmina l s  were isolated from (but  vacuum 
sealed) to t he  sheath.  A f t e r  i n s t a l l a t i o n ,  each thermocouple 
w a s  passed through a hollow Kovar tube vacuum chamber feedthrough 
and induct ion  brazed to t h e  tube o u t s i d e  the chamber. 

and the  Q 2 eath. The thermocouple junc t ion  w a s  isolated from the t i p  

The test chamber was subjected to a 12-hour bakeout cyc le  to  
help e s t a b l i s h  a low p r e s s u r e  environment, and then p o w e r  w a s  
appl ied  t o  each s ta tore t te  winding. A c u r r e n t  of 50 amperes per 
conductor (100 amperes per winding) w a s  applied from an e x t e r n a l  
p o w e r  source,  and a separate source w a s  used to apply a p o t e n t i a l  
of 1000 volts ac between the t w o  statorette test windings. J o u l e  
hea t ing  (12R) i? the winding8 w a s  used to establish a tempersture 
g r a d i e n t  w i th in  the statorette. When temperatures had s t a b i l i z e d  
(approximately 600° F) , readings were obta ined  from a l l  thermo- 
couples and a r e s i d u a l  gas a n a l y s i s  was =de of the test chamber 
environment . 

3Manufact.ured by Engelhard I n d u s t r i e s ,  Inc. ,  Newark, N. J. 
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Winding c u r r e n t  w a s  then increased t o  70 amperes p e l  conduc- 
t o r  ( 1 4 0  amperes per winding) and temperatures  were allowed t- 
s t a b i l i z e  (approximately 900° F). A l l  temperatures  were recorat.7 
and a r e s i d u a l  gas a n a l y s i s  scan w a s  t aken .  Power w a s  appl ied t o  
t h e  test chamber hea t inq  element i n  stages to  increase t h e  stator- 
e t t e  temperature w h i l e  main ta in ing  the  winding currents a t  70 am-  
peres per conductor. Temperatures, electrical  performance d a t a  .-and 
r e s i d u a l  gas a n a l y s i s  scans w e r e  taken a f t e r  temperatures  had 
s t a b i l i z e d  a t  each success ive  s t age  from 900" F to  a maximum 
test  temperature  of 1460O F. 

Three pre l imipary  tests were made over a temperature  range 
using three d i f f e r e n t  room temperature assembly c learances  i n  
t h e  s ta tore t te  s lo t s .  The s ta tore t te  fo r  t h e  f i r s t  test w a s  
assembled wi th  a minimum room temperature s lo t  c learance  of 
0.0006-inch t o t a l  across the conductor,  i n s u l a t i o n ,  and lamina- 
t i o n  i n t e r f a c e s .  The statorette w a s  then  tested a t  a chamber 
p res su re  i n  t he  10-8 t o r r  range a t  temperatures  t o  1465'  F. 
Figure 13 i s  a curve of t h e  temperature d i f f e r e n t i a l  across t h e  
"a"  d i r e c t i o n  p y r o l y t i c  boron n i t r i d e  s lo t  side insu l .a t ion ,  
p lo t t ed  a g a i n s t  t h e  statorette hot-spot t e w e r a t u r e  (mid-slot) .  
Refer t o  figure 6, s lo t  No. 3, for i n s u l a t i o n  s t r i p  o r i e n t a t i o n s  
and re la t ive thermocouple loca t ions .  

The temperature drop from t h e  conductor t o  t h e  lamina t ion  
w a s  very l o w ,  p a r t i c u l a r l y  a t  higher temperatures ,  i n d i c a t i n g  
t h a t  very good thermal conductance w a s  achieved i n  t h e  test s ta -  
torette. Thermal stress c a l c u l a t i o n s  based upon t h e  minimum meas- 
ured s ide  c learance  i n  t h e  slot  a t  room temperature  ind ica t ed  t h a t  
a l o c a l i z e d  stress of 10,000 psi w a s  a t t a i n e d  across the  s lo t  a t  
1400O F, A t  t h i s  condi t ion ,  t h e  temperature  drop from t h e  conductor 
t o  t h e  s ta toret te  s l o t  w a l l  w a s  approximate1.y 9" F. 

Addi t iona l  thermal expansion c a l c u l a t i o n s ,  carried o u t  be- 
l o w  1400O F,  i nd ica t ed  t h a t  l o c a l i z e d  zero c learance  was reached 
between t h e  conductor,  i n s u l a t i o n ,  and laminat ion tooth i n t e r -  
faces a t  approximately 800" F. Refer r ing  t o  f i g u r e  13, t h i s  cal- 
c u l a t e d  zero c learance  temperature  agrees w e l l  w i t h  t h e  tempera- 
t u r e  range (approximately 800° F) a t  which t h e  AT curve reversed  
d i r e c t i o n  going from an i nc reas ing  t o  a decreas ing  mode. 

The statorette w a s  cooled t o  room temperature  and removed 
from the test  chamber for inspec t ion  and r e b u i l d i n g  w i t h  a d i f -  
f e r e n t  s l o t  c learance .  Visual i n spec t ion  of the s ta tors t te  s tack 
showed t h a t  the e l e c t r o n  beam welds along one side of the stack 
had f r ac tu red ,  apparent ly  as a r e s u l t  of p re s su re  generated w i t h -  
i n  t h e  laminat ion slots.  T h i s  relieved the  i n t e r n a l  stack pres- 
s u r e  s u f f i c i e n t l y  t o  prevent  t h e  stack end lamina t ions  from bow- 
inq. The conductor and i n s u l a t i o n  s lo t  loads prevented t h e  s lo t s  
from changing alignment. 
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STATORETTE HOT-SPOT TEMPERATURE (MID-SLOT) (OF) 

Figure  13. - Temperature D i f f e r e n t i a l  (OF) From Winding 
Mid-Slot (Hot-Spot) Across the "a" Direc- 
t i o n  P y r o l y t i c  Boron N i t r i d e  S lo t  Insu la-  

t i o n  t o  t h e  Lamination T o o t h  Side. 
Statorette Assembly Number 1. 

The slot s t r i p  i n s u l a t i o n  and windings were removed from t h e  
stack reve r s ing  t h e  procedure used dur ing  assembly. There was no 
phys ica l  evidence of stress having been appl ied  t o  t h e  i n s u l a t i o n  
strips or conductors  i n  the s lo t  area. The slot alignment bars 
w e r e  r e i n s t a l l e d  and t h e  laminat ion stack was clamped i n  a vice 
t o  be rewelded. Heavier e l e c t r o n  beam weld s t r i p s  (approximately 
double t h e  pene t r a t ion  of the  o r i g i n a l  w e l d s )  were appl ied t o  
both sides of the s t a c k  (see f i g u r e  3 for  l o c a t i o n s ) .  The press 
fit of t h e  slot  alignment bars i n  t h e  laminat ion s l o t s  ind ica t ed  
that  t h e r e  was no detectable change in s lo t  dimensions as a re- 
s u l t  of the f i r s t  test. 

The statorette for  t h e  second pre l iminary  eva lua t ion  test w a s  
assembled with a minimum r o o m  temperature s l o t  c learance  of 0.0017- 
inch  across the various slot  assembly i n t e r f a c e s .  The same test  
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Figure 14.  - Temperature D i f f e r e n t i a l  (OF) From Winding 
Mid-Slot (Hot-Spot) Across t h e  "a" Direc- 
t i o n  P y r o l y t i c  Boron N i t r i d e  Slot Insu la-  

t i o n  t o  t h e  Lamination Tooth Side 
Statorette Assembly Number  2. 

procedure was used as for t h e  first statorette. Test chamber pres- 
s u r e  was i n  t h e  10-8 t o r r  range and t e s t i n g  w a s  performed a t  temper- 
a t u r e s  to  1540O F. Figure 1 4  is a curve showing the d i f f e r e n t i a l  
temperature across the  "a" d i r e c t i o n  i n s u l a t i o n  from the conductor 
t o  the lamination tooth. 

Thermal expansion c a l c u l a t i o n s  for this assembly, as t h e  hot- 
spot temperature was increased, i n d i c a t e d  t h a t  a zero clearance 
condition i n  the blot was never a t t a ined .  However, the c a l c u l a t i o n s  
also showed t h a t  to ta l  slot i n t e r f a c e  clearance was diminishing as 
hot-spot temperature was increasing.  From room temperature t o  
approximately 1000° F, t h e  only h e a t  source i n  t h e  s t a t o r e t t e  w a s  
t h e  I2R loss caused by cur ren t  i n  the windings, Above 1 0 0 O O  F the 
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c u r r e n t  was held cons tan t  and heat f l u x  from t h e  winding increas-  
ed l i n e a r l y  as winding r e s i s t a n c e  increased  w i t h  i n c r e a s i n g  ter?- 
pe ra tu re .  The tes t  chamber hea t ing  element provided a d d i t i o n a l  h e a t  
t o  inc rease  statorette hot-spot temperature.  The decrease i n  AT 
above approximately l l O O o  F w a s  a t t r ibu ted  to  inc reas ing  r ad ia -  
t i o n  which  is a func t ion  of t h e  4 t h  power of t h e  abso lu t e  t e m -  
pe ra tu re .  A t  1400' F,  t h e  second model showed a temperature drop 
of 50° F from t h e  conductor t o  t h e  lamination s l o t  w a l l ,  as com- 
pared w i t h  a similar drop of 9 O  F i n  t h e  f i r s t  mdel. 

As part  c f  t h e  thermal eva lua t ion  for t h e  second prel iminary 
eva lua t ion  test, the statorette temperature was reduced t o  room 
temperature i n  increments  approximately t h e  same as those used 
dur ing  t h e  inc reas ing  temperature phase. The AT p a t t e r n  repea ted  
t h a t  of t h e  inc reas ing  temperature phase as t h e  s l o t  hot-spot  
temperature w a s  reduced, 

The statorette for t h e  t h i r d  pre l iminary  eva lua t ion  tes t  was 
assembled w i t h  a ? h i m u m  total  room temperature slot c lea rance  of 
0.0011-inch across t h e  conductor- insulat ion and insulation-lamina- 
t i o n  i n t e r f a c e s .  The same test procedure w a s  used as for t h e  f i r s t  
and second cons t ruc t ions .  T e s t  chamber p res su re  was i n  the 10-8 
to r r  range and t e s t i n g  was performed a t  temperatures t o  1420'  F. 
Ca lcu la ted  compression i n  t h e  slot components a t  1400O F was 1000 
ps i .  The thermal data obta ined  wi th  inc reas ing  test temperatures 
showed an 18O F AT from conductor to lamination s l o t  w a l l .  Af t e r  
t h e  inc reas ing  temperature phase, the  t h i r d  s ta tore t te  c o n s t r u c t i o n  
w a s  subjec ted  t o  a 100-hour thermal-vacuum aging tes t  a t  1400O F, 
and 25 thermal c y c l e s  from 1400O F. A f t e r  t h e  the rma l  shock se- 
quence, t h e  statorette hot-spot temperature w a s  reduced i n  s t a g e s  
and a d d i t i o n a l  thermal data w e r e  obtained. 

F igure  15a shows a plot of t h e  t h i r d  s t a t o r e t t e  construc-  
t i o n  AT dur ing  the i nc reas jng  hot-spot tempekature phase and 
the 100-hour egdurance test phase. Curve coord ina tes  are t h e  
same as for  f i g u r e s  13 and 14.  The AT curve during t h e  i n -  
c r e a s i n g  hot-spot temperature segment w a s  very low a t  a l l  t e m -  
p e r a t u r e s ,  reaching a maximum value of approximately 19" F a t  
1400O F. The i nc rease  i n  AT which occurred during t h e  aging 
test is shown as a vert ical  dashed l i n e  a t  1420' F. Figure 
1Sb is a plot of the AT performance during the  25-cycle thermal 
shock phase and decreas ing  hot-spot temperature phase. This 
curve is a cont inua t ion  of f i g u r e  15a beginning a t  t h e  23' F 
AT exis t ing  at t h e  end of t h e  100-hour endurance test. The de- 
c reas ing  hot-spot temperature phase i n  f i g u r e  15b displayed a 
d i f f e r e n t  p a t t e r n  than the i nc reas ing  temperature phase ( f i g u r e  
15a) ;  having a shape and magnitude similar to the curve shown 
i n  figure 14. The i n c r e a s e s  i n  AT which occurred during t h e  en- 
durance test and thermal cycle test are shown as i n d i v i d u a l  phases 
on a composite curve in figure 16. 
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The reason f o r  t h e  change i n  AT dur ing  aging,  thermal c v c l i n q ,  
and decreas ing  temperature  phases is believed to  be directly rc- 
lated t o  t h e  change in conductor r e s i l i e n c e .  The n icke l -c lad  silver 
wire used as conductors i n  the  s t a t o r e t t e  had an inherent  s t i f f -  
ness t h a t  r e s u l t e d  i n  a degree o€ springback. During coil form- 
ing  a t  room temperatures ,  t h e  conductors developed addi t ional  
s t i f f n e s s  because of cold-working stresses. These stresses i n -  
c reased  t h e  n a t u r a l  conductor s t i f f n e s s  and con t r ibu ted  to  t h e  
d i f f i c u l t y  of assembling t h e  windings and i n s u l a t i o n  s t r i p s  i n t o  
t h e  statorette slots .  Because of the springback characterist ic of 
t h e  conductor,  there were spring-loaded local con tac t  areas among 
the conductors,  i n s u l a t i o n  strips, and lamina t ion  tooth wa l l s  even 

56 

STA"ORE!lTF2 STATORETTE THERMAL SHOCK CYCLES - 1400. F 
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Figure 16. - Plot of Change In AT (OF) From Conductor To  
Lamination Tooth Side During a 100-Hour Ther- 

m a l  Aging T e s t  Folluwed By 25 Thermal Shack 
Cycles . 
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at room temperature, providing relatively better thernal conduct- 
ance over the test temperature range. Conductor straigFtness had 
been a variable from one statorette cc Skruction to the next .  As 
winding temperature increased during test, the spring-loadcd areas 
remained in contact. The calculated face-to-face contact tempera- 
ture in the slots (zero clearance across all slot interfaces) was 
approximately 1335' F. A t  1400' F, the calculated thermal stress 
in the slot interfaces was 1000 p s i .  Temperatures in the 130GO F 
to 1400O F range have been used to anneal nickel-clad silver wire 
in vacuum which resulted in a considerable reduction in conductor 
stiffness. 

During the increasing temperature cycle, the conductors in the 
statorette slots were straightened to conformity by the reducing 
slot clearance (with increasing temperature) and, above approxi- 
mately 133S0 F, by localized compression within the slots. Contact 
area was such that a good thermal conductance path existed from 
the conductor to the laminations accounting for the relatively 
low AT from mid-slot to lamination. 

The 4 *  F increase in AT during the 100-hour thermal aging 
test indicated t h a t  conductor annealing was having some effect on 
contact area in the slot. The additional AT increase .uring the 
25 thermal cycles (see figure 16) indicated the possibility of 
some relaxation in the conductor or lamination teeth. If such 
dsformatian occurred, it was in the order of millionths of an inch 
and crjuld not be detected at statorette disassembly. The marked 
increase in AT during the decreasing temperature phase showed a 
distinct reduction in conductor-insulation-lamination contact 
area 3s compared to the increasing temperature phase. In order to 
verify that the AT change was permanent, a one-step test w a s  
carried out after the decreasing temperature phase. A current of 
70 amperes per winding was applied with no power on the test 
chamber heating element. A f t e r  stabilization at a 900' F hot-spot 
temperatures, the AT from mid-slot to lamination teeth was 81' F 
compared with 8 8 O  F during the decreasing temperature cycle under 
the same test conditions. It was apparent +bat once the stator- 
ette assembly had attainsd operating temperatures, the effects of 
annealing and compression were irreversible as far as heat con- 
ductance at lower temperatures was concerned (see figure 15b). 

Figure 17 is a plot of the total slot clearance and/or c a l -  
culated compression versus AT fo r  the three statorette construc- 
tions. 
tures of 1000°, 1200°, and 1 4 O O c  F. These data were taken during 
the first increasing temperature phase fox each test and it must 
be emphasized that because of the effects of spring force and 
compression on the conductor, the AT values do not repeat during 
subsequent thermal cycles. As indicated by figures 15a and 15b, 

Points have been plottec for each construction at tempera- 
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(a) The f irst  construction was designed to have slot material in 
capression over the temperature range frm 1000° to 1400O F 
resul ted  i n  a 10,000 p s i  canpression a t  1400O. F .  

slot a t  temperatures through 1400. F .  

pression i n  the slot a t  1400O F and to go through the t ran-  
s i t i o n  fran clearance to canpression i n  t h e  1000° tc 1400O F 
temperature r w e  

fb) The second construction resulted i n  zero clearances i n  the 

(c) The third construction was designed to have 1,000 p s i  can- 

F i g u r e  l?. - Plot of Clearances and/or Calculated Compregsions 
Versus Temperature Differences (OF) for the Three 
Preliminary Evaluation Statorcc te Constructions 
at  Three Hot-Spot Temperatures. Plot is Based 
on Temperature Data Obtained During the F i r s t  

Temperature Increase 
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t h e r e  is a marked increase i n  AT a t  lower temperatures oncp t h e  
maximum hot-spot temperature has been a t t a i n e d .  

I n d i c a t i v e  r e s i s t a n c e  measurements of each phase w e r e  made 
a t  var ious  t i m e s  throughout s t a t o r e t t e  t e s t i n g .  Each of the two 
p a r a l l e l  conductors i n  each phase te rmina ted  a t  a pair of test 
chamber electrical feedthroughs.  I n d i c a t i v e  phase res i s ta icc  
measurements were made ( a f t e r  removins power leads) w i t h  a1 ) ropr i -  
ate feedthrough t e rmina l s  i n  p a r a l l e l .  T h i s  e x t e r n a l  elect- ical  
p a r a l l e l i n g  introduced e x t e r n a l  c i r c u i t s  w i t h  varying resist,nces 
(depending an temperature,  connection r e s i s t a n c e ,  and jumper 
l e n g t h ) .  The measured r e s i s t a n c e s ,  t hus ,  cons i s t ed  of e x t e r n a l  
c i r c u i t s  with varying uncont ro l led  r e s i s t a n c e s  and the i n t e r n a l  
statorette wjnding r e s i s t a n c e .  Measured r e s i s t a n c e  va lues  for 
each phase increased  w i t h  temperature i n  t he  e-ected manner and 
remained r e l a t i v e l y  cons t an t  during t h e  100-hour t h e r m a l  aging 
test. There was no evidence of any change i n  the conductor as a 
r e s u l t  of c o n t a c t  w i t h  the y y r o l y t i c  boron n i t r i d e .  

Figures  18 and 19 are plots  of i n s u l a t i o n  performznce dur- 
i n g  t h e  100-hour thermal aging test, Figure 18 shows the resist- 
ance from phase-to-phase and phase-to-ground w i t h  a 500-volt dc 
p o t e n t i a l  applied. I t  appears t h a t  there w a s  some degradat ion i n  
performance dur ing  the last half of t h e  test, 3mever, during t h e  
25  thermal cycles which folluwed the aging test, the dc i n s u l a t i o n  
va lues  ranged between 3 and 5 megohms, phase-to-phase and phase-to- 
ground, when the statorette temperature was s t a b i l i z e d  a t  1400O F. 
Figure  19 shows ac leakage c u r r e n t  f r o m  phase-to-phase and phase- 
to-ground w i t h  500-volts ac applied, This  plot  shows a performance 
improvement compared to  the dc performance, i n  that t h e  leakage 
c u r r e n t  decreased (improved) dur ing  t h e  l a s t  ha l f  of the thermal 
aging test. T h i s  t r e n d  continued dur ing  the thermal cyc l ing  test 
phase, The t o t a l  t e s t  t i m e  w a s  no t  s u f f i c i e n t  t o  d r a w  exp l i c i t  con- 
c l u s i o n s  *ut long term i n s u l a t i o n  performance. 

Residual gas a n a l y s i s  scans of t h e  test  chamber environment 
were taken p e r i o d i c a l l y  du r ing  t h e  test program. Figure 2 0  is  a 
p l o t  of p a r t i a l  gas p r e s s u r e s  obta ined  during the 100-hour en- 
durance and 25 thermal-cycle test. The highest  p a r t i a l  pressure 
occurred a t  mass/charge 28, which is N and CO. Appl ica t icn  of 
the  s tandard p a t t e r n  for N2-N i n d i c a t e 3  t h a t  approximately 20 
to 22 percent  of the 28 mass peak was CO, The NH3 w a s  c a l c u l a t e d  
after s u b t r a c t i n g  the  narmal B20 water vapor p a t t e r n .  The curve 
for NH3 w a s  c a l c u l a t e d  a f t e r  s u b t r a c t i n g  t h e  normal H20 propor- 
t i o n s  of 16, 17, and 18 mass/charge chart d i v i s i o n s ,  The number 
of chart d i v i s i o n s  left after s u b t r a c t i o n  of the water vapor com- 
ponents  w a s  so s m a l l  t h a t  t h e  NH3 valves are o u t s i d e  the l i m i t s  
of experimental accuracy. 

Breakdown voltage tests were performed at 1300' F fol lowing 
the thermal c y c l i c  test phase. The chamber p res su re  was 3.6 x 
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lo-@ to r r ,  
and phase-to-ground ac breakdown vol tages .  Phase A was the main 
winding and phase B w a s  the s i n g l e  t u r n  winding. 

Table I is a t a b u l a t i o n  of i n c i p i e n t  phase-to-phase 

Bre ak down Vo 1 t age 
Phase (ac at 1300O F) 

A-B 1200 V ac 

A-Ground 1200 V ac 

B-Ground 1500 V ac 

r 

Table I. - Tabulat ion of I n c i p i e n t  B r e a k d m  Voltage, 
Phase-to-Phase and Phase-to-Ground, Con- 

ducted a t  1300' F. 

Post- test  Disassembl - Bench test i n s u l a t i o n  performance data 
were taken f o l l o u i n g  the n a l  test sequence. The fol lowing tabu- 
l a t i o n  compares pre-test and post-test data. 

Measurement 
Temperature 

Pre-test 
72' F 

Megohms 
DC I n s u l a t i o n  Res is tance  @ 500 V dc 

A-B 
A-Ground 
B-Ground 

AC Leakage Current  

A-B 
A-Ground 
B-Ground 

Microamps 
@ 500 V ac 

13 
1 2  
14 

Post-test 
7 6 O  F 

Megohms 
@ 500 V dc 

.2X1O6 
>2x106 
>2x106 

Microamps 
@ 500 V ac 

15 
19 

9 

There w a s  no s i g n i f i c a n t  change i n  the p y r o l y t i c  boron n i t r i d e  
i n s u l a t i o n  performance as a r e s u l t  of t h e  f i n a l  thermal evalua- 
t i o n ,  thermal aging, and thermal cyc le .  tests. 
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Figure  21 is a photograph of t h e  statorette assembly follow- 
i ng  t h e  f i n a l  eva lua t ion  test ,  t h e r m a l  aging t e s t ,  and thermai 
cycle test. During the  first pre l iminary  eva lua t ion  test ,  t h e  
o r i g i n a l  e l e c t r o n  beam welds which held the  s tack  and end p l a t e s  
t oge the r  developed some cracks a t  the end plates .  A s  a r e s u l t  of 
t h e  cracks occurr ing ,  there was no bending t r a n s m i t t e d  to  the  end 
p la tes  because of d i f f e r e n t i a l  t h e r m a l  expansion. A f t e r  t h e  first 
test ,  t h e  lamina t ion  s t a c k  w a s  clamped together and t h e  e l e c t r o n  
beam welds w e r e  made deeper.  

A s l i g h t  amount of end p l a t e  bending was noticed fol lowing 
t h e  second pre l iminary  eva lua t ion  t es t  but  there were no separa- 
t i o n s  wi th in  t h e  lamina t ions  such as can be seen i n  f igure  21. 
The sepa ra t ion  noted i n  t h e  photograph probably occurred d u r i n g  
t h e  thermal  cyc l ing  phase. Thermal expansion mismatch probably 
caused t h e  relative moveme:’. dur ing  hea t ing .  T h i s  movement w a s  
no t  recovered dur ing  cool ing.  Magnetic and electrical needs must 
be considered i n  des igning  a stator,  inc luding  the thermal effects 
which cause a magnetic stack t o  spread. The test program t h a t  w a s  
carried o u t  was n o t  designed t o  eva lua te  the p o s s i b i l i t y  of l a m i -  
na t ion  defcrmation. It  is reported only  as a r e s u l t  of the t es t  
program. 

Disassembly of the  s ta toret te  d i d  n o t  reveal any evidence of 
broken i n s u l a t i o n  s t r i p s ,  a l though a few strips w e r e  broken dur ing  
t h e  disassembly procedure. There w a s  some graying of t h e  p y r o l y t i c  
boron n i t r i d e  sur face .  Emission spectrographic ana lyses  f a i l e d  t o  
show t he  presence of any fo re ign  material. 

A f t e r  the f i n a l  disassembly of t h e  s ta tore t te ,  a l l  the  compo- 
nent  p a r t s  w e r e  remeasured t o  determine i f  any dimensional changes 
had occurred  du r ing  t h e  f i n a l  test phase. The winding conductors 
were measured across the f la t s  and, w i th in  t h e  l i m i t s  of accuracy,  
no change f r o m  pretest dimensions could be detected. I n  every in- 
s tance ,  measurements were carried o u t  to  four  decimal places. The 
slot  alignment bars which had been used for t h e  i n i t i a l  s ta tore t te  
assembly and e l e c t r o n  beam welding (refer to f igure  5) w e r e  re-in- 
serted i n  t h e i r  r e s p e c t i v e  s lo t s .  In  spi te  of the expanded condi- 
t i o n  of the t ee th ,  as noted i n  f i g u r e  21, there w a s  no chanqe i n  
t h e  alignment bar f i t s  w i th in  t h e  var ious  slots.  The p y r o l y t i c  
boron n i t r i d e  i n s u l a t i o n  strips d id  n o t  i n d i c a t e  any changes i n  
dimensions when measurements were matched a g a i n s t  the pre-assembly 
dimensional t abu la t ions .  Thus it appears t h a t  no plastic deforma- 
t i o n  occurred wi th in  the c e n t r a l  s lo t  area as a r e s u l t  of t h e  ther- 
m a l  t e s t s .  The only  deformation occurred i n  the  stack end p la tes  
and o u t e r  lamina t ions  as a r e s u l t  of d i f f e r e n t i a l  thermal  expan- 
s ion  from 5.e c e n t e r  of t h e  slots t o  t h e  stack o u t e r  su r faces .  
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Theoretical Thermal Profile of the Pyrolytic Boron N i t r j d e  
Insulated Statorette.- Calculation of a thermal profile for the- 
statorette model was accomplished with the use of a digital com- 
puter program. The program was designed fo r  computing transieyt 
and/or steady state temperature distributions in three-dimensional 
irregular bodies. This program. considers the heat transfer mechan- 
isms of (1) conduction between internal points, ( 2 )  conduction 
between internal and surface points, ( 3 )  radiation between sur- 
face points and (4) radiation-free convection and forced con- 
vection between surface and boundary points. 

The operation of this program began with the development of 
a nodal gridwork of the model under study. The model was suhdivid- 
ed into a three dimensional mesh with appropriate physical proper- 
ties, and nodal points were assigned to each element. Nodal point 
physical connections were made to theoretically construct t h e  
elements into the model. Boundary conditions were established to 
defl i ie  the external conditions which affect the modsl. The above 
information was programed into the computer, which then calcu- 
lated the individual steady-state temperatures of each element 
and nodal point and the heat fluxes across element surfaces and 
boundaries . 

Figure 6 (page 11) is a cross-sectional view of the stator- 
ette showing the windings and slot insulation configuration. This 
configuration, with appropriate physical dimensions, was used as 
the model for the computer temperature distribution calculati.on. 

Figures 22 and 23 are theoretical thermal maps of the pyroly- 
tic boron nitride insulated statorette assembly as calculated by 
the computer. Calculatiocs were made for two different hot-spot 
temperatures, 1324O and 1401' F .  Boundary conditions were main- 
tained the same for both calculations. The base plate heat sink 
was established at 1200' F and the radiation heat sink at 1100" F. 
The  difference in heat flux between the two figures was assumed to 
have been caused by a difference in winding current (12R losses!. 
In the test chamber used in thermal vacuum testing the statorette 
model, the radiation heat sink temperature was established by the 
chamber heating element and was varied. Thus, the statorette hot- 
spot temperature was not dependent entirely on current level. 

The two thermal maps are very similar in appearance, parti- 
cularly with regard to overall temperature distribution. The vari- 
ations are caused by the 77' F difference in AT from the hot-spot 
to the heat sinks. 

Temperature drop p2tterns obtained from the statorette during 
experimental thermal vacuum testing were compared with the computer- 
calculated thermal maps. Data taken from the 3rd statorette con- 
structim during the  f irst increasing-temperature cycle showed 
good agreement with the computer maps in the 1324O and 1400' F hot- 
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1280' - 1285OF I \ I 

Figure 22. -- Computer-Calculated Temperature D i s t r i b u t i o n  
Map of the  Pyro lykic  Boron N i t r i d e  I n s u l a t e d  
Statorette Lamination w i t h  the Conductor H o t -  

Spot a t  1324' F. 

spot temperature  ranges.  For example, t h e  temperatures  obtained a t  
t he  bottom of t h e  t w o  c e n t e r  slots during t h i s  test  w e r e  1368' F 
and 1370" F. The computer-calculated theoretical temperature  range 
for these same l o c a t i o n s  was 1370O t o  1375" F. Hcwever, t he  i n c r e a s e  
In AT from mid-slot t o  tooth side which occurred dur ing  t h e  thermal 
g rad ien t  throughout t h e  statorette.  This  g r a d i e n t  i n c r e a s e  w a s  
p red ic t ab le ,  as the on1 source of h e a t  f l u x  wi th in  t h e  s ta tor-  
e t te  assembly was t h e  I s R losses i n  the windings. 
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Figure 23. - Computer-Calculated Theoretical Temperature 
D i s t r i b u t i o n  Map of the P y r o l y t i c  Boron 
N i t r i d e  I n s u l a t e d  Statorette Lamination 
w i t h  t h e  Conductor Hot-Spot at 1401' F, 

The t h e r m a l  g r a d i e n t  i n  the f i r s t  s tatorette cons t ruc ted  was 
very similar ta t h a t  for cons t ruc t ion  N o .  3. The thermal g rad ien t  
i n  t h e  second cons t ruc t ion  was much greater than for t h e  o t h e r  two, 
because t h e  AT from conductor to s t a c k  tooth was much greater a t  
a l l  mid-slot (hot-spot) temperatures.  

Calculated Thermal Conductivity.  - Using a 1400O F mil?-slot 
(hot-spot) temperature as a base p o i n t ,  an e f f e c t i v e  thermal con-  
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d u c t i v i t y ,  IC: f f ,  from winding t o  laminat ion stack was calculqted 
for  each stagorette cons t ruc t ion .  Winding c u r r e n t  and resistaiiTe , 
conductor and s l o t  i n s u l a t i o n  assumed i n t e r f a c e  areas, and s l o t  
i n s u l a t i o n  th i ckness  were e s s e n t i a l l y  cons t an t  a t  1400" F fo r  each  
assembly. The only d i r e c t l y  measurable var iable  involved i n  t h e  
c a l c u l a t i o n s  w a s  the  AT from mid-slot t o  s tack  t o o t h .  T h i s  i n  turn 
was a direct func t ion  of t h e  s u r f a c e  c o n t a c t  areas w i t h i n  the  slots. 
The e f f e c t s  of r a d i a t i o n  a t  1400"  F could n o t  be isolated,  but heat. 
t ransfer  was assumed to  be e n t i r e l y  by conduction. 

For  the f i rs t  statorette cons t ruc t ion  (9" F AT a t  1400 '  F), 

t h e  c a l c u l a t e d  e f f e c t i v e  thermal  conduc t iv i ty  was 1 . 1 2  Btu - f t  
ft2-hr-OF 

Btu - ? .  

f t 2-hr - O F 
T h i s  compares with a published va lue  of 36.3 . --- wi th in  t h e  

p y r o l y t i c  boron n i t r i d e  i n  t h e  "a" d i r e c t i o n .  I t  was apparent  
t h a t  even though t h e  calculated stress i n  t h e  f irst  cons t ruc t ion  
a t  1400' F was 10,000 p s i ,  the t o t a l  i n t e r f a c e  c o n t a c t  w i th in  t h e  
slots was q u i t e  l o w .  

The c a l c u l a t e d  e f f e c t i v e  thermal cont iact ivi ty  for  t n e  second 

s t a to re t t e  cons t ruc t ion  (50" F AT a t  1400" F) w a s  0.202 Btu - f t  
f t 2 -  hr-OF 

Two effective thermal c o n d u c t i v i t i e s  were calculatec! for  t h e  
t h i r d  cons t ruc t ion ,  one for t h e  end of the f i r s t  i n c r e a s i n g  t e m -  
perature stage (18" F AT a t  1400" F) and another  for t h e  AT follow- 
ing thermal aging and thermal cyc l ing  (32" F AT a t  1400" F) . These 

c o n d u c t i v i t i e s  were, r e s p e c t i v e l y ,  0 . 5 6  and 0.315 S tu  - f t  
f t *-hr- F 

Appendix A describes one method of us;-ng t h e  c a l c u l a t e d  
e f f e c t i v e  thermal c o n d u c t i v i t i e s  t o  estimate t h e  thermal conduc- 
t i v i t y  across t h e  "a" PBN i n s u l a t i o n  - laminat ion tooth gap. The 
va r ious  c o n d u c t i v i t i e s  and p e r t i n e n t  test cond i t ions  are shown i n  
t a b u l a r  form i n  table  A-1  (page 5 5 ) .  
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C E T E R M I N A T I O N  OF THE E F c E C T  OF POTASSIUM VAPOR 
EXPOSUT. - ON THE E t C C T R I C A L  BREAKDOWN 

S T R E N G T H  t,: PYROLYTIC 
BORON N I T R I D E  

P y r o l y t i c  boron n i t r i d e  specimens w e r e  prepared and exposed 
t o  potassium vapor a t  1400' A for  250 hours tc determine i t s  e f f e c t  
on electrical breakdown s t r eng th .  Specimens w i t h  test or ien ta t ions  
i n  both the "a" and "c" axes w e r e  included. Electrical  breakdown 
s t rengths  of potassium vapor exposed and unexposed specimens were 
compared. Some degradation w a s  noted i n  t h i n  "c" axis  or ien ta t ion  
specimens. 

A capsule for potassium exposure of boron n i t r i d e  specimens 
was designed and f ab r i ca t ed .  All materials used i n  capsule  con- 
s t r u c t i o n  were high p u r i t y  tantalum (oxygen content  6 5  ppm or  less). 
The capsule  had a t u b u l a r  body t h a t  was 1.00-inch ou t s ide  diameter 
by 0.060-inch-thick w a l l  by 5.875 inches long (see f i g u r e  2 4 ) .  
Capsule plug ends w e r e  machined from solid tai1tal.m bar stock w i t h  
i n t e r n a l  clearances f o r . e l e c t r o n  beam welding .  The lower plug had 
a p i l o t  t o  f i t  a thermal-vacuum exposure furnace f i x t u r e .  I n s i d e  
t h e  capsule  w a s  a pedestal or spool c o n s i s t i n g  of t w o  washers 
s taked  t o  ends of a rod. 

Pyrc ly t ica l ly-depos i ted  boron n i t r i d e  specimans w i t h  both 
"a" and "c- axis or ien ta t ions  were prepared. Specimens of each 
o r i e n t a t i o n  were c u t  from separate one-half inch cubes t hus  g iv ing  
plane dimensions cf one-half inch by one-half inch. Cu t t ing ,  lap- 
ping, and c l ean ing  techniques and procedures used on specimens 
were t h e  same as those  used on capac i to r  blanks on a previous pro- 
gram (ref. 5 ) .  All "an axis specimens were approximately 0.010-inch 
th ick .  This t h i ckness  for "a" axis specimens was s e l e c t e d  because 
th inne r  sections were too fragile to handle. Thicknesses of approx- 
imately 0.001-inch and 0.010-inch were uaed for "c" axis specimens . 
Six =a" a x i s  and t h r e e  of each thickr-ess "c" axis specimens w e r e  
selected for potassium vapor exposure. 

A specimen holder  (to hold p y r o l y t i c a l l y  depos i ted  boron 
n i t r i d e  specimens dur ing  potassium vapor exposure) w a s  designed 
and f ab r i ca t ed .  Figure 25 shows this holdei with r e p r e s e n t a t i v e  
specimens. The holder  block was made from a 99.8 percent  alumina' 
cy l i ade r ,  0.836-inch high. Twelve slots,  each 0.020-inch w i d e ,  
were c u t  i n  t h e  c y l i n d e r  (perpendicular  to  its axis) to  a depth 
s u f f i c i e n t  to acconrmodate the one-half inch square specimens. The 
alumina cy l inde r  w a s  then cut to a square cross s e c t i o n  t h a t  would 
fi t  i n s i d e  :he exposure caplrule tube and t hus  would allow free flow 
of p o t a E s i t u n  vapor around the specimen holder. After cutting, t h e  
specimen holder block was c!.eaned by the s tandard  c leaning  procedure 

"Lucalox, crpplied by the General Electric Company, Lamp 
Divisior,, Nela Park, Cleveland, Ohio. 
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Figure 24 .  - Pyrolytic Boron Nitride Potassium Vapor 
Exposure Capsule 
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had a series of manipulator-equipped in te rconnec ted  cold-wall 
vacuum chambers. Each vacuum chamber w a s  equipped for a spec.:Fic 
func t ion  such as hea t ing ,  potassium loading,  and electron beam 
welding. Each chamber's pumping system included a l i q u i d  n i t r o c r e n  
t r a p  between t h e  chamber and t h e  o i l  d i f f u s i o n  pump. Once i n  the 
system of vac'Jum chambers, a l l  opera t ions ,  inc luding  interchamber 
t r a n s f e r ,  were c a r r i e d  o u t  a t  p re s su res  i n  t h e  to r r  range. 

The first opera t ion  w a s  t o  assemble a mock capsuie  and thus 
es tab l i sh  electron-beam weld parameters. A two-inch length  of 
capsule  tub ing  and set  of plugs wi:h t h e  same c learances  as the 
capsule  p a r t s  w e r e  used. Following success fu l  welding of mock 
capsule  par ts ,  t he  lower p lug  w a s  welded i n  the exposure capsule  
tube. T h i s  joint w a s  helium leak checked and found to  be l e a k  
t i g h t  . 

Exposure capsule  parts complete w i t h  specimens i n  t h e  speci- 
men holder w e r e  vacuum degassed for t w o  hours  a t  1832O f 18' F 
(10000 f 100 C) i n  a furnace  ope ra t ing  i n  the 9 x 10-7 t o  5 x 10-7 
to r r  range. A f t e r  cool ing ,  degassed p a r t s  w e r e  t r a n s f e r r e d  t o  
an ad jo in ing  vacuum chamber for potassium loading. Approximately 
t w o  grams of high p u r i t y  potassium (oxygen content  less than  
1 0  ppm) was loaded i n s o  t h e  capsule  while the chamber pressure  
w a s  i n  the l o w  10-7 torr  range. 
of t h e  potassium used. A f t e r  potassium loading,  t h e  specimen hold- 
er and specimens w e r e  pos i t i oned  i n  t h e  capsule  ond t h e  capsule  top  
p lug  w a s  placed i n  p o s i t i o n ,  The loaded capsule  w a s  ' t r a n s f e r r e d  t o  
a t h i r d  vacuum chamber f o r  e l e c t r o n  beam seal welding. Following 
welding, the  sea led  capsule w a s  aga in  t r a n s f e r r e d  to t h e  furnace  
vacuum chamber for thermal-vacuum exposure. 

Tab le  I1 gives  a t y p i c a l  a n a l y s i s  

The potassium loaded capsule  w a s  placed i n  the furnace pre- 
v ious ly  used for degassing and was heated to  1400O F. A f t e r  e i  h t  

torr. Specimen exposure t o  y tassium vapor w a s  continued a t  1490" 
& I O o  F for 250 hours.  A t  t h c  .ompletion of 2 5 0  hours exposure 
a t  1400' F, the  vacuum chamber furnace  w a s  opened and the  exposure 
test capsule  was removed. The l o w e r  end of the capsule  w a s  placed 
aga ins t  a water-cool2d copper strap, Localized cool ing  of t h e  cap- 
s u l e  w a s  intended t o  cause the  potassium to condense a t  t h e  bot- 
tom end of t h e  capsule .  A f t e r  less than  one minute on t h e  cool ing  
s t r a p  t h e  lower one- th i rd  of the capsule  cooled to  below a red 
heat. After seven minutes on the cool ing  s t r a p ,  a thermoccjuple 
attached to the capsule at t he  l o c a t i o n  of the specimens ind i -  
cated a temperature of 1esB than  200" F, The cooled capsule w a s  
stored, prior to opening, first i n  furnace  vacuum chamber and 
t h e n  i n  a high-puri ty  argon-atmosphere glove box. 

hours a t  temperature the  chamber pressu.:e s t a b i l i z e d  a t  5 x 10' 9 

Capsule opening was accomplished i n  a glove box conta in ing  
high-puri ty  argon us ing  a tubing cutter. T h i s  opera t ion  had been 
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Table 11. - Typical Analysis of Potassium Loaded Into P r o l y t i c  
Boron Nitride Specimen T e s t  Capsule(1 P 

Analysis Analysis 
( w e i g h t  parts  (weight parts  

Element per astllion) Elwent per Millton)  

As 
A 1  
B 
B a  
B e  
Bi 
C a  
Cd 
CO 
C r  
cu 
Fe  
L i  

M!3 
Mn 
MO 
N a  
N i  
0 
si 
Sn 
T i  
V 
Ta 
Zt 

(1) Processing of potassium was described i n  "So lub i l i ty  
Studies of Ultra-Pure Transition Elements i n  U l t r a -  
Pure A l k a l i  Metals" by R ,  L. McKisson, R, L, Elchelberger, 
R. C,  Dahleen and Z. M. Scarborough, AI-65-201 (1965); 
also NASA CR-610. 

(2) NU = not detected 

( 3 )  D = detected,  a t  the level shown 
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tested previously using the weld-test capsule and was found t o  
be satisfactory. No potassium was observed on the specimens or 
specimen holder after removal of the specimen holder fro? the 
capsule, thus indicating success in condensing potassium away from 
the specimens. The specimen holder was then removed from the glove 
box (via an ante-chamber) and submerged in deionized water (xesis- 
tivity greater than one megohm). Water pH was between s i x  and 
seven b3th before and after the first rinse thus indicating no 
potassium hydroxide was present. Specimens and the specimen 
holder were subsequently given additional water rinses, then 
rinsed with spectrographic grade acetone for final drying. 

Visual examination of the specimen holder assembly revealed 
the tantalum foil straps to be bright, the alumina to be light 
grey, and the pyrolytic boron nitride specimens to be dark blue, 
All specimens were int.act. Figure 26 shows the specimen holder 
complete with specimens after unloadj.r;r;, rinsing, and drying. 

Sputtered platinum electrodes were then depcsited on all t e s t  
samples (ref. 5). Two different diameter electrodes were w e d  
(0.141 and 0.064-inch diameter). The smaller electrode w a s  used if 
a sample showed visible defects (pin holes, cracks or tears).  The 
0.064-inch diameter electrode w a s  then located in a defect free 
area. 

Electrical breakdown strengths r,L potassium vapor exposed and 
unexposed pyrolytic boron nitride specimens were determined and 
compared. 
in a vacuum of less than 1 x 10-6 
I11 shows the average dc breakdown (volts/mil) . After potassium 
exposure, the average value for  three "c" direction specimens 
(Group B) decreased to 4176 volts per m i l  compared to 9333 volts 
per mil for unexposed specimens (Group A ) .  A comparison of the "a" 
direction specimens in table I11 shows t ha t  potassium exposure had 
no apparent effect on *e measured breakdown voltages, with the 
average values being about 1000 volts per mi1 (Groups C and D) . 
The lower absolute dc breakdown strengths for the "a" direction, com- 
pared to the "c" direction, were the result of orientation and 
specimen thickness (the "a" direction specimens were about ten 
times thicker than the "c" direction specimens) . Potassium exposure 
had the effect of decreasing the dc electrical breakdown strength 
of thin "cm orientation specimens and no apparent effect on thick- 
er "a" orientation specimens. These values are still more than 
adequate 'n breakdown strength for the anticipated application 
thickness range (0.010 to 0.025-inch) for pyrolytic boron nitride 
slot insulation in advanced alternator concepts. Hawever, tc ver- 
i f y  the usefulness of pyrolytic boron nitride for lcng term 
(10,000 hours to 30,000 hours) applications in a potassium environ- 
ment at 1400' F, long term compatibility in potassium should be 
determined. 

The dc resistance and dc voltage breakdown were measured 
Table torr at room temperature. 
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Table 111. - Electrical Properties and DC Breakdown Voltage of 
Pyrolytic Boron Nitride Wafers Before and A f t e r  
Exposure to Potassium Vapor for 250 Hours 

at 1400' F. 

Sample 
Group 

(3 specimens) 

Orientation 
of Sputtered 

I I 
11 C I, I 0.0016 

"C" I 0.0013 

"c" I 0.0013 

,'C" 1 o.Ooa0 

"y" I 0.0109 

"a" 0.0108 

"a" 0.0108 
- 

- 

Room Temperature Electrical Prapcmerr 
~n Vacuum ( 1 x 10-d torr) 

I 

DC Resistance DC BrePtdaam Average DC Breakdowr 
e Vo€tagetor 3 Specimenr 

( V O h  v07 mil) (VO&dmfl) 
Potassium @ 500 Vdc DC Breakdown 
Expome (ohms) Voltage 

None > 5 1015 13,000 8100 

Ncme > 5 1015 12, ma 9200 9333 
- 

- 
None > 5 1015 14, OOO 10,700 

4176 

None > 916 

None 2 1015 moo 706 

250 hmrs I 4.17 x loll 1 8300 I 853 I 
@ 1400°F 

15,400 1!.31 

(1) orient at.%^^: "cV* direction; electrodes are parallel to pkae of deposition of pyrolytic boron nitride 
"2" dirtctim; electrobes are perpedcular to plane of deposW.rr of pyrolytic boron nit- I 
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SECTION 1 1 1  

CONCLUSIONS A N D  RECOMMENDATIONS 

A.  

B. 

c. 

D. 

E. 

F. 

G. 

H. 

Three statorette constructions were successfully 
assembled and tested. However, the complexities 
encountered in assembling overlapping windings 
while maintaining extremely low slot interface 
clearances indicated that in a full size stator, 
winding end turn joining after assembly should 
be considered. 

Thermal conductance from the conductors to the 
lamination stack was improved at operating t e m -  
pezature by a reduction of clearances in the con- 
ductor-insulation and insulation-lamination in- 
terf aces. 

A zero clearance or compression fit across the 
various slot interfaces was required at opera- 
ting temperature to obtain a l o w  temperature dif- 
ference from conductors to laminations. 

The first increasing-temperature cycle to oper- 
ating temperature within ‘the two statorettes 
which attained compression caused an improve- 
ment in conductor straightness, which resulted 
in a larger temperature difference at lower 
temperatures during subsequent thermal cycles. 

Pyrolytic boron nitride insulation performed 
satisfactorily to temperatures over 1400O F in 
a vacuum of lo-* torr when used with nickel-clad 
silver cored conductors having no wrapped insula- 
tion. 

Pyrolytic boron nitride insulation temperature 
capability extends to the temperature limits oE 
presently available magnetic materials. 

Pyrolytic boron nitride is relatively more e a s i l y  
machined and lapped in comparison with other 
ceramic electrical insulating materials. 

Nickel plugs welded to the conductor nickel 
cladding were successfully used on windinq lead 
ends to seal the conductor silver core from the 
test environmnt. 
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I .  Pyrolyt ic  boron n i t r i d e  rerained considerable 
electrical strength after long-term (250 hours) 
exposure to potassium. 

J. It is  recommended that for any future stator or 
s t a t o r e t t e  t e s t i n g  using pyro ly t i c  boron n i t r i d e  
and minimum c lot  clearance, the first operation 
should be an increasing-temperature cyc le  to 
design temperature, to "set" the conductors and 
insulation i n  the slots.  
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APPENPIX A 

T H E R M A L  C O N  D U C T 1  V I T Y  

The foil-owing p r e s e n t s  a method of u s i n g  the e f f e c t i v e  therim? 
c o n d u c t i v i t y  (Ke f) a s  c a l c u l a t e d  from the test dzta, and che 
p u b l i s h e d  thermaf c o n d u c t i v i t y  i n  t h e  pyrolytic boron n i  t r i  d e  ( P R N )  
"a" d i r e c t i o n  t o  c a l c u l a t e  t h e  thermal c o n d u c t i v i t y  across the  
i n s u l a t i o n - l a m i n a t i o n  gas ( K g a p ) -  

Figare A - 1  shows a p o r t i o n  of t h e  c o n d u c t o r - i n s u l a t i o n -  
l a m i n a t i o n  assembly i n c l u d i n g  t h e  mid-s lo t  thermocouple  and PBN 
"a" d i r e c t i o n  AT t he rmocoup les  t h a t  were used i n  c a l . c u l a t i n q  
K e f f  for the  three c o n s t r u c t i o n s .  Refer to  f i g u r e  6 i n  the main 
t e x t  for a d j a c e n t  assembly  de ta i l s .  

The relative smoothness  ( f l a t n e s s )  of t h e  conduc to r  rectangular 
w i r e  f l a t s ,  PBN i n s u l a t i o n  s t r i p F ,  and l a m i  n a t i o n  stack tooth 
sides c o u l d  n o t  be determiAied q u a n t i t a t i v e l y .  However, consid-  
e r i n g  t he  methods of component p r e p a r a t i o n  (hand-po l i shed  w i r e  
f l a t s ,  l a p p d  i n s u l a t i o n  strips, and e lec t r ica l  discharge machined 
l a m i n a t i o n  s l o t s ) ,  it was r e a s o n a b l e  t o  assume tha . t  t h e  l a m i n a t i o n  
stack tooth sides were 5 t o  10 times g r e a t e r  i n  s u r f a c e  roiqhqess  
t h a n  t h e  c o n d u c t o r s  and i n s u l a t i o n  s t r i p s .  

The above r e a s o n i n g  w a s  a p p l i e d  t o  possible t e m p e r a t u r e  
drops across t h e  c o n d u c t o r - i n s u l a t i o n  gap and t h e  i n s u l a t i o n -  
l a m i n a t i o n  gap. C o n s i d e r i n g  t h e  f irst  c o n s t r u c t i o n  ATf 9 "  
F at 1400' F, t h e  gap t e m p e r a t u r e  r a t i o  could w e l l  have been 
lo F across t h e  c o n d u c t o r - i n s u l a t i o n  gap and 8 O  F across t h e  
i n s u l a t i o n - l a m i n a t i o n  gap. The same gap t e m p e r a t u r e  r a t i o  r e a s o n i n g  
w a s  also a p p l i e d  t o  the other t w o  s t a to re t t e  c o n s t r u c t i o n s .  

Based on the f o r e g o i n g ,  a n  a s sumpt ion  w a s  made that t h e  
mid-slot  thermocouple  t e m p e r a t u r e  was e s s e , ? t i a l l y  t h e  same v a l u e  
a s  t h e  "a" d i r e c t i o n  PBN i n s u l a t i o n  s i d e  s t r i p  s u r f d c e  w h i c h  
was i n  c o n t a c t  with t h e  c o n d u c t o r  s u r f a c e .  (Refe rence  s k i n  
t e m p e r a t u r e  i n t e r f a c e  n o t e  on f i g u r e  A - 1 . )  This  assumpt ion  
i n t r o d u c e d  a small thermal  c o n d a c t i v i t y  error but permitted 
i n v e s t i g a t i o n  of t h e  i n s u l a t i o n -  l a m i n a t i o n  gap c o n t r i b u t i o n  
to K e f f -  

Table A-1 is  a t a b u l a t i o n  showing the c a l c u l a t e d  Kgap across 
t h e  i n s u l a t i o n - l a m i n a t i o n  too th  i n t e r f a c e ,  based on t h e  following 
fo rmula ,  
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AT 

"an Direct 
PBH 

"a" Direction 
Thermocouples 

Skin Temperature 
Interfaces 

Mid-Slot Thermocouple 
H o t  Spot 

Insulation - Lamination - 
Gap (Exaggerated) 

See F i g u r e  6 (p.11) for Additional 
Design and Construction Details 

Figure A-1. - Partial V i e w  of a Statorette S l o t  Construction 
Showing the Location of Thermocouples Used to 
Determine the AT from the  Slot Hot Spot to the 

Lamination Tooth. 
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was calculated from the program test data, and K data in 
the "a" 66 N direction was taken from reference 1 (in t e x t ) .  
where K, 

table also includes calculated slot interface pressures ( p s i )  and 
aging and thermal cycling conditions for reference. In every case, 

The 

K dimensional units were Btu - ft . 
f tz-hr- OF 

Pigure A-2 is a log-log plot of table A-1 calculated Kgap con- 
ductivities versus calculated slot compression (psi) obtained with 
the three statorette constructions. The curve established by the 
construction No. 1 and construction No. 3-A calculated pdints was 
extrapolated to intercept the calculated K a values for con- 
struction N o .  2 (no apparent compression af ?400° F) and con- 
struction No. 3-B (after thermal aging and cycling). The apparent 
decrease in compression which occurred as a result of thermal 
aging and them1 cycling (850 psi decrease) indicated that there 
w a s  some relaxation of stiffness in the conductor and/or lamina- 
tions as a function of time and environment. The further extra- 
polation of the curve to intercept the construction No. 2 gap 
conductivity line implied that there was some compression (35 psi) 
at this condition. Hawever, as mentioned in the text, there was 
no way to isolate the effects of radiation at temperatures near 
1400O F, and radiation may have been the predominant mechanism 
of heat transfer for construction No. 2. 

The calculated and extrapolated intercept values from figure 
A-2 have been replotted on linear scales as Kgay conductivity 
versus compression in figure A-3, to shaw the relation between 
slot compression (calculated) and change in Kgap conduct ivi ty . 
Increasing the slot press-,ire from an apparent pressure of 35 

conductivity to in- psi to 1000 psi caused the calculated K 
crease by a factor of almost three. A urther increase from 
1000 psi to 30,000 psi caused the calculated gap conductivity 
t r >  increase by a factor of approximately two. This curve cannot 
be extrapolated much byond a 10,000 psi slot compression without 
introducing an interference fit in the slots during room temper- 
ature assembly. 

lap 
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Figure A-2. - Log-Log Plot of Calculated Kgap Conductivity 
versus Calculated S l o t  Compression w i t h  
1400O F Hot Spot (Mid-Slot) Temperature. 

a 

57 



1 

Figure A-3. - Linear Plot of Calculated Kgag Conductivity 
versus a 1400O F Hot Spot ( M i  - S l o t )  Tem- 
perature. Data was taken from Figure A-2. 
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